Abstract. We present ozone measurements made using state-of-the-art ultraviolet photometers onboard three longduration stratospheric balloons launched as part of the Concordiasi campaign in austral spring 2010. Ozone loss rates calculated by matching air parcels sampled at different times and places during the polar spring are in agreement with rates previously derived from ozonesonde measurements, for the vortex average, ranging between 2 and 7 ppbv per sunlit hour or between 25 and 110 ppbv per day. However, the geographical coverage of these long-duration stratospheric balloon platforms provides new insights into the temporal and spatial patterns of ozone loss over Antarctica. Very large ozone loss rates of up to 230 ppbv per day (16 ppbv per sunlit hour) are observed for air masses that are downwind of the Antarctic Peninsula and/or over the East Antarctic region. The ozone loss rate maximum downstream of the Antarctic Peninsula region is consistent with high PSC occurrence from CALIPSO and large ClO abundances from MLS satellite observations for 12-22 September 2010, and with a chemical box model simulation using JPL 2011 kinetics with full chlorine activation.
Introduction
Twenty-six years after the signing of the Montreal protocol, widely considered the most successful international environmental policy of our time, there is evidence that stratospheric chlorine -the primary anthropogenic contributor to stratospheric ozone loss -is returning to pre-human-influence levels. In addition, the climate protection due to the reduction of chlorofluorocarbons, halons and methyl bromide mandated by the Montreal protocol exceeds carbon mitigation strategies to date. Despite these successes, questions about the longitudinal variations of ozone loss rates have remained unanswered because of the technological challenges of directly measuring stratospheric ozone losses in situ.
Stratospheric ozone, and its dramatic annual losses in the Antarctic spring, have been shown to have a strong influence over the entire Southern Hemisphere climate (Thompson et al., 2011) . The effects include the suppression in the expected warming of the Antarctic region (Thompson and Solomon, 2002) due to increasing greenhouse gas levels and a strengthening of the polar jet. Due to the significant chlorofluorocarbon and halon reductions brought about by the Montreal Protocol, polar springtime stratospheric ozone losses are expected to return to pre-1980 levels by 2050 (Bekki et al., 2011) , and consequently, the role of strato-
R. Schofield et al.: Concordiasi ozone loss rates
spheric ozone in modulating the Southern Hemisphere climate will change during this time period.
Conversely, the formation of polar stratospheric clouds (PSCs), crucial in converting chlorine from reservoir species into active radicals, has been linked to tropospheric cloud systems. Kohma and Sato (2013) demonstrate that, in 2010, 33 % of PSCs between 15 and 20 km were associated with the radiative cooling resulting from blocking anticyclones and clouds in the troposphere. Thus, the changing climate, which affects the presence of tropospheric cloud systems, also modulates stratospheric ozone loss.
The overall chemistry of the polar ozone loss process is now well understood (Dameris et al., 2014) . Polar stratospheric ozone loss occurs predominantly as a result of the ClO dimer catalytic cycle that operates in the low UV conditions of the lower stratosphere (Molina and Molina, 1987; Solomon, 1999) , where other radicals such as atomic oxygen are not present, with the bromine radical catalytic cycle also playing a significant, but smaller, role.
Ozone loss rates in the northern hemisphere have been relatively well studied by following and matching distinct air masses in time using many ozonesondes in intensive "Match" campaigns (von der Gathen et al., 1995; Rex et al., 1998 Rex et al., , 2002 . All winters cold enough to cause significant ozone losses have been studied using using Match campaigns in the Arctic. In contrast, ozone loss rates in the Antarctic have been less well studied in situ, with Match campaigns conducted in [2003] [2004] [2005] [2006] [2007] , finding vortex-averaged Antarctic ozone losses of 4 ± 1 ppbv per sunlit hour for 15 August to 15 September in 2002 (Frieler et al., 2006) . Matching air masses from observations of the POAM II (Bevilacqua et al., 1997) and III (Hoppel et al., 2005) found 85 ± 15 ppbv day −1 (1994) (1995) (1996) and 8 ± 6 ppbv sunlit h −1 (1998) (1999) (2000) (2001) (2002) (2003) , respectively, for the Antarctic. For the more recent time period, an Antarctic vortex average of 45 ± 6 ppbv day −1 has been derived from the SCIAMACHY satellite observations (Sonkaew et al., 2013) . Hassler et al. (2011) used ozonesonde measurements at the South Pole to derive rates of 90 ± 10 and 70 ± 10 ppbv day −1 for the 1991-1995 and 1996-2010 periods, respectively. Observations at one fixed location do not deliver rates representative of the true in situ loss, but compare very well to vortex-averaged loss rates. Ozone loss rates for the total column, have been derived from the ground-based Dobson-Brewer/SAOZ network (Kuttippurath et al., 2010) of 2.5 ± 0.5 DU day −1 (13 August-2 October [2005] [2006] [2007] [2008] [2009] , in good agreement with SCIAMACHY, 2.0 ± 0.3 DU day −1 , for the same time period and OMI, 2.4 ± 0.5 DU day −1 , for a shorter time period (18 August-18 September 2002 . While these column loss rates are not directly comparable to in situ loss rates, they are provided for completeness here, as the column loss rates influence surface UV, hence the biosphere and health implications of Antarctic ozone losses. We show in this paper that both the spatial and temporal variations of the ozone loss rates in the Antarctic need to be considered, moving away from vortexaveraged loss rates view. This paper presents for the first time ozone loss rates measured in situ onboard quasi-Lagrangian balloons and is organised as follows. The following section provides details of the measurements. The modelling section details the match analysis and ozone loss rates derived for the balloon flights. These are then compared to previous estimates of ozone loss rates and discussed in the last section.
Measurements
For the first time, ozone loss has been observed in situ over long periods of time by specially designed ultraviolet photometers (Kalnajs and Avallone, 2010 ) flown on long-duration balloons launched as part of the Concordiasi campaign (Rabier et al., 2013) out of McMurdo Station, Antarctica, in austral spring of 2010. These super-pressure balloons travel on constant density (isopycnic) surfaces; the 2010 Concordiasi payloads were launched to a density ρ = 115 g m −3 which corresponds to approximately 65 hPa (17 km). Of the nineteen balloons launched during Concordiasi, six (designated PSC-14 through 19) carried payloads with sensors to measure state parameters (T , p), ozone, and either particle size distribution via optical scattering or temperature profiles via GPS occultation. Ozone instruments were built by two groups -one at the Laboratoire de Météorologie Dynamique in Paris, France, hereafter referred to as LMDOz, and one at the University of Colorado Boulder, hereafter designated UCOz. Four of the six ozone balloons additionally carried laser particle counters from the University of Wyoming (Ward et al., 2014) .
The six payloads returned data every 15-30 min for periods ranging from 6 to 96 days; in all cases, the end of the data record was the result of communications failure with the payload rather than of instrument failure. By careful control of the balloon descent, three of the six payloads were unexpectedly recovered and the ozone sensors were returned to the laboratory for post-flight testing and calibration. In all cases, the post-flight diagnostics indicated that no degradation had taken place during flight and that the calibrations remained stable. Therefore, the ozone data discussed here are accurate to 20 ppb. The accuracy of the ozone instruments in flight was validated through coordinated ozonesonde launches from several Antarctic research stations. Ozone sondes were launched from each station when a PSC flight passed near the station; 12 comparisons between sonde and long-duration ozone data were performed, with 5 concurrent comparisons having a separation of less than 100 km.
Data from three ozone instruments -those called PSC-14, PSC-16 and PSC-17 -are discussed in the analysis below. PSC-15 had a very short lifetime due to a battery failure on the balloon gondola. PSC-18 and PSC-19 were launched on 29 September and 8 October, respectively, after the majority of the ozone loss had taken place. Details of the three flights reported on here are given in Table 1 .
Trajectories and match criteria
The balloon trajectories displayed in Fig. 1 show that it takes approximately 10 days for the balloon to circumnavigate the Antarctic stratosphere. Figure 2 displays the ozone measurements and the corresponding potential temperature surfaces for the three trajectories shown in Fig. 1 . The balloons do not perfectly follow the air parcels. First, the Concordiasi balloons follow isopycnic (constant density) surfaces rather than constant potential temperature (isentropic) surfaces. Furthermore, the diurnal heating and cooling of the balloons produces clear diurnal variations in the potential temperatures. Care was therefore necessary when matching the air parcels to calculate the ozone loss. These variations were important because horizontal distances travelled between air parcels of different potential temperature (even a few Kelvin apart) can be very large, due to the large wind shears and velocities occurring in the stratospheric polar vortex -hence, strict airmass match criteria were applied.
Back-trajectories were generated using ATLAS (Wohltmann and Rex, 2008) driven by ERA-Interim meteorology and total radiative heating rates. The trajectories were initiated every 7.5 h along the balloon flight path and calculated backwards until the balloon launch time. The trajectories were saved at 15 min intervals. At each of the 15 min intervals along the back trajectories, the distance to the balloon at the corresponding time was calculated -this is termed the match radius; other parameters such as PV and theta are also compared between the back-trajectory and the balloon location. Match pairs were defined following the definitions of Rex et al. (1999) , each of the match pairs satisfying the following difference criteria: < 1 K potential temperature, < 1 s −1 potential vorticity and < 10 days in time. The match radius (shortest distance between trajectory and balloon location) must be < 300 km and the normalised potential vorticity (PV) along the entire trajectory must be < −36 s −1 to ensure that the match occurs within the Antarctic polar vortex. The normalised PV is calculated using the following function:
where θ is the potential temperature and the parameters a = 12.48, b = −3.212 × 10 −2 , c = 3.708 × 10 −5 , and d = −1.627 × 10 −8 have been established from the relationship amoung pressure, theta and PV from Antarctic ozonesonde matches.
To determine the ozone loss rate, a regression of the change in ozone versus sunlit hours or days for a number of matches was performed. After application of the match criteria, matches were binned according to the time period over which they sampled; i.e., when a match pair spanned days 264 to 272 it would be binned in the 255-265, 260-270 and 265-275 bins. More than 10 matches were required for a regression slope to be determined. As there was little potential temperature dependence of the ozone loss rates (and theta varied maximally 20 K over the balloon lifetime), all matches were included, ignoring the potential temperature of the match. So, while the potential temperature was important for determining the match, the resultant ozone loss rates were not sensitive to it.
JPL 2011 (Sander et al., 2011) chemistry was used to drive a chemical box model (Wohltmann and Rex, 2008) along one representative match trajectory for each 10 day period for each balloon. This provided an indication of the expected ozone loss rates assuming full chlorine activation (ClO x = Cl y ). Br y was 19.5-19.6 pptv for the simulations.
Results and discussion
Analysis of the 2010 ozone hole by Klekociuk et al. (2011) shows it to be one of the smallest in area since the discovery of the ozone hole. However, the total ozone loss in the lowermost stratosphere was seen to be similar to losses that occurred in previous recent years. Therefore, the losses observed in 2010 can be seen as representative of perturbed springtime Antarctic ozone losses. Klekociuk et al. (2011) also found that there was very little dynamical disturbance of the polar vortex after September; thus, the rates observed by Concordiasi were not influenced by a premature break-up. In fact, 2010 was one of the longest-lasting ozone holes on record, persisting into December.
Figures 3 and 4 display the ozone loss rates per day per sunlit hour and day, respectively, determined by binning according to the longitude of the end match point. The four longitude quadrant bins are shown in the map insets (with their associated colours used in the line plot). Also displayed in black are box model calculated ozone loss rates using JPL 2011 kinetics and ClO x = Cl y , representing maximal expected loss rates. For the PSC-17 balloon, the largest ozone loss rate was observed in the early time period for matches that ended in the 0-90 • W quadrant (depicted in red) of Antarctica, which has recently experienced the Antarctic Peninsula region. For PSC-16, the ozone loss rates were largest in the 90-180 • W quadrant (depicted in yellow), which corresponds to the Ross Sea and Marie Byrd Land region. The 0-90 • E quadrant (blue) showed the largest losses in the later time periods. The ozone losses were very large for the earliest time period of days of the year [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] . This is consistent with air masses having PSC contact in the previous quadrants over East Antarctica (0-90 • E). PSCs have been shown to have a higher incidence over the central and Antarctic Peninsula regions for altitudes between 15 and 20 km, and are highly correlated with tropospheric systems that have clouds that reach above 7.5 km (Wang et al., 2008) . The observed high ozone loss rates of 230 ppbv per day for PSC-17 are consistent with simulated loss rates using a box model (black line) that assumes complete chlorine activation. The loss rates observed for PSC-16 were significantly smaller than those simulated for complete chlorine activation; it is interesting to note that large ozone loss rates of up to 280 ppbv per day would be possible when full activation is assumed (ClO x = 2.7−2.9 ppb). The box model calculated ozone loss rates for PSC-14 had a lower Cl y of 2.3-2.4, compared to that used in the PSC-16 and PSC-17 calculations (ranging from 2.6 to 2.9 ppbvariations are due to the age of air). A higher Cl y than used in the simulation of PSC-14 could explain why the calculated losses were smaller than those observed for the 260-270 day of year matches from the other balloons. ods, the box model simulated loss rates should be viewed as a guide only. The balloon trajectories (Figs. 1 and 3) show that the PSC-16 and PSC-17 balloons were largely displaced off the continent while in the 0-90 • E and 0-90 • W quadrants, respectively. As a result, these air masses would have experienced larger exposures to sunlight at these northern latitudes. For PSC-16 this translated into higher ozone losses with match latitude (Fig. 5, middle panel) , but for PSC-17 the extreme ozone losses can not be attributed to more sunlight exposure (Fig. 5, lower panel) . For this balloon, the more negative mean PV values of the matches are associated with the large ozone losses (Fig. 6 ). The PV displayed in Fig. 6 are normalised; thus, more negative PV are associated with higher vorticities. Unfortunately, there are insufficient statistics to determine a PV relationship for PSC-16. Box model simulations show that almost complete chlorine activation was experienced by PSC-17 for the Antarctic Peninsula region, hence the very high ozone losses observed. In contrast, PSC-16 measured air masses that did not have full chlorine activation and this meant lower ozone loss rates, with the largest losses associated with air masses that had seen more sunlit northernmost latitudes. To understand the low sunlight exposure yet very high ozone losses for matches ending between days 255 and 265 seen by the PSC-17 balloon, examining the chlorine acti- vation, as evidenced by the abundance of ClO (Fig. 7) and PSC area (Fig. 8) , was necessary. The PSC-17 flight passed over the Antarctic Peninsula then stayed over the continent between days 255 and 265. ClO observations from the Microwave Limb Sounder (MLS) onboard the Aura satellite (Santee et al., 2008) at 68.13 hPa showed zonal symmetry for the 255-265 time period (Fig. 7 , upper left panel), which is absent in the later time periods when the vortex was largely displaced toward the 0-90 • E sector. The box model simulations show that the high observed PSC-17 ozone loss rates are consistent with full chlorine activation. The PSC data from the CALIOP (Cloud-Aerosol LIdar with Orthogonal Polarization) onboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite (Pitts et al., 2009) gion and subsequently high ClO in the air masses that it sampled. The resulting ozone losses of around 230 ppbv per day were seen for matches that had end points in the Antarctic Peninsula sector (i.e., air masses have passed over the Peninsula mountains where large excursions of temperature and resulting PSC formation are known to take place), at latitudes poleward of 75 • S and potential vorticities between −58 and −62 s −1 . This result is also consistent with the findings of Kohma and Sato (2013) , who attribute a 20 % probability of PSC formation due to anticyclonic clouds in the troposphere for September (it is higher for the winter months). The Antarctic Peninsula, but also Marie Byrd Land, are cited as important geographical regions for PSC formation. Table 2 
Conclusions
Ozone loss rates were derived from the Concordiasi quasiLagrangian long-duration balloons flown at 17 km (65 hPa) over Antarctica in September of 2010, which carried instrumentation that measured ozone continuously in situ for the first time. The loss rates were similar to previously reported Antarctic vortex-averaged loss rates of 6 ± 6 ppbv per sunlit hour or 74 ± 70 ppbv per day. However, exceptionally rapid ozone loss rates of 230 ppbv per day (20 ppbv per sunlit hour) were observed for air masses that traversed the Antarctic Peninsula region while remaining at high latitudes and high absolute PV. This geographical maximum in the ozone loss rates is consistent with high PSC occurrence and large ClO abundances present during (12-22) September as observed from CALIPSO and MLS, respectively, downstream of the Antarctic Peninsula region. Box model simulations show that this large ozone loss rate is consistent with almost full chlorine activation. Previous Antarctic ozone loss rates have considered vortex-averaged losses exclusively. By moving away from this view, these high-fidelity Concordiasi ozone observations and derived ozone loss rates downstream of the Antarctic Peninsula can be used to test the ability of chemistry climate models to capture the timing and spatial variations of ozone hole formation. A comparison of these loss rates and chemical transport simulations using laboratory-based reaction rates is beyond the scope of this paper, and makes up a future study that explores the chlorine dimer kinetics and their uncertainties.
These high fidelity ozone measurements onboard longduration balloon flights have provided valuable spatial insight into Antarctic polar ozone loss. The upcoming Strateole 2 experiment will be instrumented with ozone sensors such as those used in Concordiasi, providing the potential for in situ insights into tropical ozone chemistry in the lowermost stratosphere. This is a region where satellite retrievals are challenged and questions concerning the ozone loss rates on cold stratospheric aerosol could potentially be addressed. 
